Abstract The BIOMED-2 group developed and approved a set of multiplex Ig and T cell receptor PCR primers and successfully applied these to different well-defined WHO lymphoma entities with unprecedented high frequencies of malignant cases showing clonality. This approach has now become a worldwide standard of clonality testing in lymphoproliferations. While the clonality testing and assessment by GeneScan and/or heteroduplex analysis has become relatively easy to perform, the evaluation of the obtained gene rearrangement patterns can be difficult. In this review, we will address specific aspects of clonality testing, concerning both the practical phase as the evaluation of the obtained gene rearrangement patterns, which will help to overcome problems that can be encountered in the routine diagnostic setting.
Introduction
Clonality assessment is an important supplementary tool for pathologists who encounter a lymphoproliferative lesion that is difficult to interpret. The EuroClonality/ BIOMED-2 group developed primer sets to detect clonal antigen receptor gene rearrangements [1] and protocols to use them [2, 3] . This methodology results in clonality detection in virtually all B and T cell lymphoma cases [4, 5] . Clonality assessment is useful in the cases where the discrimination between malignancy and reactive is difficult, in cases of suspect B or T cell proliferations at specific sites or in the context of immunodeficiency and in Bcl2-negative follicular lymphomas [6] . Clonality assessment is thus an important tool in the diagnosis of malignant lymphoproliferations, even though clonality does not always imply malignancy, as some reactive processes contain large clonal lymphocyte populations [7] . Clonality detection is, however, not suitable to discriminate between Hodgkin's and non-Hodgkin's lymphoma, as the BIOMED-2 methods are sufficiently sensitive to detect small numbers of malignant cells in many cases of classical Hodgkin's lymphoma [8] [9] [10] [11] .
The majority of B cell neoplasms has clonal IGH (VDJ) and IGK gene rearrangements with clear complementarity of clonality detection [4] , which is a one of the advantages of the BIOMED-2 clonality testing approach. Furthermore, the detection of both a clonal IGH and IGK rearrangement in itself is a confirmation of clonality. Likewise, the majority of T cell neoplasms have clonal TCRG and TCRB gene rearrangements [5] .
Multiplex PCR-based clonality testing and assessment by GeneScan and/or heteroduplex analysis has become a worldwide standard [12] [13] [14] [15] [16] [17] [18] . Technically, molecular clonality testing and assessment by GeneScan and/or heteroduplex analysis has become relatively easy to perform. However, by the discussion of the cases presented in the EuroClonality workshops: "Clonality assessment in pathology" (website: http://www.euroclon ality.org), it has become clear that inclusion of quality checks in the routine diagnostic setting, knowledge of the gene loci and experience with Ig/T cell receptor (TCR) rearrangement analysis are essential to avoid misinterpretation of the data. In this review, we will share experiences of the workshops, discuss pitfalls and provide recommendations for practical clonality testing that will facilitate unequivocal evaluation of gene rearrangement patterns of cases in clinical pathology.
The importance of PCR duplicates and sufficient DNA input in clonality testing
The evaluation of clonality patterns is not a sinecure especially in cases that are difficult for the pathologist. It can be hard to discern whether the entire pattern of rearrangements is truly clonal, oligoclonal, polyclonal or pseudoclonal. In our experience, duplicate assessment in clonality testing is helpful and in fact essential, not only to confirm clonality (Fig. 1a, b ) but also to prevent over-interpretation. Figure 1c shows a slightly dominant signal in a background of polyclonal Gaussian curve, which might mistakenly be interpreted as "clonal". However, the second PCR result from the duplicate experiment clearly shows true polyclonality (Fig. 1c) . In this respect, running duplicates facilitates interpretation. Duplicate assessment is also helpful for the evaluation of cases that do not display perfectly shaped Gaussian curves, as shown in Fig. 1d . These PCR assessments reveal "spiked" peaks on top of a Gaussian curve; however, on the whole, the pattern clearly is polyclonal.
For duplicate assessment, we recommend to use 100 ng DNA per 50 μl PCR mix as input per PCR for DNA samples obtained from snap-frozen tissues and 50 and 200 ng of affinity-purified (not a rough DNA concentrate) DNA per PCR (50 μl) for formalin-fixed and paraffin-embedded (FFPE) samples. The two different DNA concentrations are being used as "duplicates" in the analysis because of the probability of PCR-inhibiting factors in the DNA sample.
Duplicate assessment and sufficient DNA input are important to exclude pseudo-clonality, a phenomenon that may occur in case of low input of target B or T lymphocytes. Figure 2a illustrates a diagnostic request that, upon routine analysis, resulted in pseudoclonality, i.e. seemingly "clonal" peaks of different amplicon lengths in the gene rearrangement patterns of the replicates (two upper panels). In a single experiment, a dominant peak, like the one observed in this case, might be falsely interpreted as clonal. However, by adjusting the DNA input from the tumour sample to 300 ng, the evaluation of the case becomes clear, as a polyclonal rearrangement pattern can be observed (Fig. 2a , two lower panels).
A single dominant peak of low signal intensity, but reproducibly detected (Fig. 2b) , may represent a true rearrangement. Caution should be taken upon interpretation of these patterns, and confirmation is needed. In this particular case, sequence analysis of this dominant peak enabled us to demonstrate a true IGK-DE rearrangement, thereby confirming a clonal result and excluding mispriming of the primers.
Tissue issues in clonality analysis DNA quality, which determines efficiency of DNA amplification, is an important parameter for clonality analysis as well, especially for DNA samples from FFPE samples. Although the BIOMED-2 Ig and TCR clonality PCRs were designed and tested on DNA samples obtained from fresh tissues, our experience is that the primers work well on DNA's obtained from the majority of FFPE tissues. Critical factors that determine the outcome of the clonality assessment using FFPE are the fixation type and fixation time and tissue processing [19, 20] . The usage of buffered formalin and short fixation times will ensure sufficient DNA quality, which allows PCR amplification in the size range of around 200-300 bps, which is the size range the majority of the BIOMED-2 PCR amplicons. A number of the BIOMED-2 PCRs, however, yield amplicon sizes of around 300 bp or even more, which indeed may be difficult targets that may go undetected when working with suboptimal DNA samples. From the TCR targets, the TCRB tube C PCR for the incomplete rearrangements (Dβ-Jβ) yield high amplicon sizes of around 300 bp in size, for especially the Dβ1-Jβ rearrangements. However, since the other TCR PCR targets have smaller amplicon sizes, the multi-target approach combined with the complementarity of the targets is informative in the majority of cases that enable amplification of the 200 bp gene control PCR. Besides, the occurrence of an isolated Dβ1-Jβ rearrangement is very rare [5] . Suboptimal DNA samples that enable PCR amplification of only the 100 bp band of the control gene PCR [1] cannot be properly evaluated for T cell clonality in our opinion.
For the Ig gene targets, the IGH-FR1 PCR yield amplicon sizes of above 300 bp, and also the Vκ2/Vκ4/Vκ5 gene rearrangements yield amplicon sizes of around 300 bp (−Jκ rearrangements) or even 350-390 bp (KDE rearrangements). Interestingly, we and others [21] observed that IGK is a very good target with a high detection rate of clonality, even in cases of suboptimal DNA quality. An example is provided in Fig. 3 . Similar to the TCR gene assessment, the multi-target approach has added value for the assessment of the Ig targets for B cell lymphoma diagnostic requests. For B cell lymphoma requests, suboptimal DNA samples that enable PCR amplification of only the 100 bp band of the control gene PCR might provide information for the IGH (FR3) and/or IGK-PCRs in case a convincing, reproducible clonal product is detected. More issues on the use of FFPE tissues and clonality assessment will be described by Lenze et al. [20] .
Next to lymph nodes, molecular assessment of a bone marrow trephine biopsy is relevant in the diagnostic workup of patients with haematological disorders. Fixation of bone marrow biopsies in buffered formalin followed by decalcification in neutral EDTA renders good DNA preservation [22] . The storage of the formalin-fixed decalcified paraffin-embedded trephine blocks (up to 200 months) had no impact on the ability to amplify specimens [23] . By the use of such protocols, the majority of our in-house bone marrow trephines allows successful B and/or T cell clonality assessment. Unfortunately, fixation and decalcification procedures for bone marrow biopsies are not standardised throughout the different countries or even laboratories, potentially causing failures in clonality assessment particularly in those cases that are obtained using acid-based reagents for decalcification. As an alternative, archival-stained bone marrow slides can be used. Cells can be scraped-off from archival Giemsa-stained bone marrow smears or from cytological smears and can be used for DNA extraction [24] . In general, DNA samples from Giemsa-stained smears provide optimal DNA quality and allow amplification of 300-600 bp band from the control gene PCR. Similar to the histological cases, also in the cytological cases, it is essential to have checked the representativity in terms of presence of (malignant) lymphocytes to ensure reliable clonality testing.
In cases with a low percentage of suspicious malignant B or T lymphocytes, adjustment of the amount of DNA by increasing the DNA concentration and hence the number cells per PCR can be useful. This approach may help in the assessment of clonality in skin biopsies, which can be problematic because these biopsies often contain quite scanty lymphoid populations in combination with a high proportion of keratin. The low number of lymphocytes can result in over-interpretation of incidentally dominant peaks. Also in these cases, it is important to run duplicate reactions, to increase the amount of DNA analysed and to assess multiple biopsies from different skin sites, when these are available, to look for consistently occurring peaks [25, 26] . It may also be helpful to run the products on a heteroduplex gel, which can overcome the problem of over-interpretation of incidentally dominant peaks. When performed appropriately, PCRbased TCRG and TCRB clonality tests can be used in the differential diagnosis of mycosis fungoides and reactive inflammatory dermatoses, which are difficult to distinguish clinically and histopathologically [27] .
Interpretation of clonality: not a strictly quantitative approach
Although a range of DNA concentrations will generate a valid result, using sufficient DNA per PCR target as input and adjusting DNA input in cases of low tumour load is essential in clonality assessment and cannot be stressed enough. We are aware that certain commercial kits recommend criteria for defining a positive peak, meaning that true positive clonal products should fall within the valid size range and should be at least three times the amplitude of the third largest peak in the polyclonal background. In our opinion, it is not correct to determine a ratio, simply because the polymerase chain reaction is not quantitative. In addition, short and long junctional regions more likely lead to a conclusion of "clonal", compared to intermediately sized junctional regions. Thus, the size of the junctional region influences a strictly quantitative approach. Furthermore, the observed ratio is strongly affected by the DNA input, as is shown in Fig. 4a and b . In clear clonal cases without background signal, DNA input hardly affects the pattern (Fig. 4c) .
In fact, the DNA input implicitly represents the tumour load, e.g. the percentage of suspect malignant lymphocytes that are in the tissue. We therefore recommend usage of the histopathological information (or the information from flow cytometry) for estimation of the percentage of suspect malignant and normal (reactive) B and T cells and integrate these data with the molecular clonality patterns to provide the most reliable diagnosis. For example, a case that shows reproducible (small) clonal results in a polyclonal background, in multiple PCR targets, which fit in the context of the histological information, undoubtedly is consistent with the presence of a small clonal population (see [3] , for additional examples]. These minor B or T cell clones are not necessarily malignant but may arise in the context of the disease, which is why a good correlation with histology and the clinical information is important. Tissue representativity and information about the presence of lymphocytes can easily be obtained by making haematoxylin-eosin stains of the sections "before" and "after" the sections used for DNA extraction. It is recommended that these slides are evaluated by an experienced haematopathologist, who also has the immunostains of the cases available. Use of this information in the evaluation of the molecular data clearly benefits the interpretation of clonality results. A strictly quantitative approach using the criteria based on ratio determination, on the other hand, can easily miss a clonal process or can erroneously diagnose "clonality".
Still, small but predominant clonal-like peaks in a polyclonal background can be difficult to evaluate, especially when the sample has suboptimal DNA quality that prevents proper evaluation of all PCR targets. Duplicate analysis and look for consistency of the pattern, as well as sufficient DNA input per PCR and the correlation with the histology, will facilitate the evaluation of the case. Any tissue that has a limited number of T cells can be difficult to interpret as well. A dominant, seemingly clonal TCR rearrangement in such a case may represent a true clonal signal or pseudoclonality due to selective amplification from only a few target cells. In particular, TCRG gene rearrangement patterns can be complicated to make the distinction between clonal and polyclonal because of the restricted TCRG germline repertoire and the limited junctional diversity. The multi-target approach combined with duplicate analysis is very helpful: The detection of clonal products that are consistently present in multiple PCR targets favours the presence of a true clone. We are aware that the TCRG PCR design with multiple size distributions with several fluorochromes can make the interpretation more difficult in some cases. It is of course helpful to see many cases and learn the "molecular morphology". In addition, we strongly recommend evaluation of the integrated (both fluorochromes combined) gene rearrangement patterns in one pattern above evaluation of the patterns of the individual fluorochromes because the evaluation of the integrated pattern decreases the likelihood of scoring seemingly dominant peaks as clonal. Although interpretation of a molecular clonality result using the histopathological information in a way may be seen as "molecular morphology", there are strict criteria for interpretation of clonality: A clonal result should be detectable in duplicate either in the presence of hardly any polyclonal background or dominantly present in a Gaussian curve of polyclonal background signals, or within the expected size range that contains rare gene rearrangements (such as the Vk2/Vk4/Vk5-JK/-Kde rearrangements). A minority of the cases may still display gene rearrangement patterns that are difficult to judge as truly clonal, oligoclonal or polyclonal. However, duplicate assessment of the PCR targets combined with the performance of the multiple-target approach clearly assists in the evaluation. In fact, the consistency of the results in multiple PCR targets can be regarded as an internal control. In general in case of ambiguous results, we recommend to repeat the PCR, using the same DNA sample or a second independent DNA sample from the same or an independent representative tissue and check for consistency of results. In addition, verification with an alternative technique like Heteroduplex analysis may be helpful (see below).
GeneScanning and heteroduplex analysis as complementary readouts
GeneScanning is the most preferred readout for clonality analysis. The single-stranded PCR products are separated in a high-resolution gel or polymer according to their length only. It has a high resolution of 1-2 nt that allows distinction between a single clonal peak of particular size and a polyclonal pattern of gene rearrangements. In addition, GeneScanning can reach sensitivities of about 1% of clonal lymphocytes (although this level of sensitivity is not relevant in a pathology setting), and by being fully automated, it is less labor intensive and a rapid technique. However, GeneScanning requires expensive equipment. Chip-based microfluidic electrophoresis (Agilent) might be a good alternative for GeneScanning, as the instrument itself has a lower cost and the consumables are less expensive. Importantly, the currently available microfluidic chip-electrophoresis devices are not sufficiently sensitive to detect clonal products in a polyclonal background for IGH PCR or complex IGK rearrangements patterns [28] . In this respect, it is important to point out that conventional agarose electrophoresis by no means is suitable for clonality assessment because of its insufficient resolution.
Heteroduplex analysis uses double-stranded PCR products and takes advantage of the length and composition of the junctional regions. The technique has a detection limit of about~5-10% (a level entirely sufficient in a pathology setting), dependent on the PCR target and the system used, i.e. manual or commercial gels and DNA staining procedures. The detection limit of heteroduplex analysis is influenced by the frequency of polyclonal lymphocytes since the formation of heteroduplexes will also consume a part of the monoclonal PCR products [29] . Clearly, GeneScanning and heteroduplex analysis have complementary value. Evaluation of IGK gene rearrangement patterns by GeneScan can be difficult, which is related to the limited junctional regions in IGK. In addition, the rearrangement patterns are represented as small Gaussian curves, based on the PCR design with the different IGK primers at scattered positions towards the recombination signal sequences, in order to have minimal cross-annealing to other VK family gene segments [1] . By exploiting both size and composition, heteroduplex analysis is particularly useful when a "clonal" product has the same amplicon length as the predominant IGK polyclonal gene rearrangements in GeneScan (Fig. 5a, d and e) . Furthermore, heteroduplex analysis is useful to detect clonal products outside the size range assessed by Genescanning (Fig. 5b, f) . On other hand, heteroduplex analysis is less sensitive compared to GeneScanning, so reproducible clonal peaks with low signal intensity cannot be detected by heteroduplex analysis (Fig. 5c, g ).
Recognition of non-specific products in the rearrangement patterns
Besides the knowledge of technical information such as DNA quality and DNA input, also sufficient knowledge of the gene loci, the PCR design and the non-specific products is of utmost importance in the final evaluation of clonality testing. Since the BIOMED-2 PCRs are multi-plex PCRs, non-specific amplification of products may occur in PCRs and are documented ( [1] and an updated table can be found at http://www.euroclonality.org under the Frequently Asked Questions). The use of a polyclonal sample in each run is advised not only to confirm that both the primers and the PCR work well but also to see non-specific products. An example is the dominant product of 345 bp in the IGH-DJ tube A, which results from cross-annealing from an upstream DH2 to J (germ line) and is present in the PCRs except when there is a true clonal rearrangement. The primers are then being consumed by the clonal rearrangement, and as a result, the non-specific peak disappears. Other predominant, nonspecific peaks may arise in the context of the sample. When there are low numbers of target T lymphocytes in the sample, a non-specific peak at 273 bp in the TCRB tube A may come up. Non-specific products of 229 and 211 bp are often seen in the IGH-FR2 and FR3 PCRs, respectively. Apart from awareness of the non-specific products, also knowledge about the gene loci and the design of the PCR is important for evaluation of clonality. The gene loci of IGK and TCRB can have multiple gene rearrangements at a single allele, which may complicate evaluation. This issue is specifically addressed by Langerak and Van Dongen [30] .
Recognition of aberrant rearrangements: TCRG J-J rearrangement as an example
The majority (95%) of the rearrangements fall within the size range provided by the BIOMED-2 group. However, a very minority of truly clonal rearrangements may fall just outside the size range. In addition, there are clonal rearrangements that are clearly undersized or oversized [31] [32] [33] . To make sure that these aberrantly sized rearrangements may not go unnoticed, it is advised to examine a broad size window for rearrangement detection. A critical view of convincingly dominant products that fall in the size range of known rare rearrangements, such as the TCRG-V11 rearrangement, is recommended, too. Recently, we identified an aberrant TCRG rearrangement in two unrelated cases, one case was a B cell lymphoma with a suspicious T cell infiltrate, and the other case was a duodenum biopsy of a patient with refractory coeliac disease. Both rearrangements were small in size (110−124 nt in size) and came up in TCRG-V11 size range of the TCRG tube B pattern. Because TCRGV11 rearrangements are rare, the dominant products were analysed by sequencing. Both cases displayed aberrant inversional Jγ2.1(JP2)-Jγ2.3(J2) rearrangements (Fig. 6) , excluding strange mispriming of the primers. Although this is not a functional TCR VJ rearrangement that results into a functional TCRγ protein chain, it is a clonal gene rearrangement, similar to clonal TCRB-DJ, IGH-DJ and IGK-DE gene rearrangements. The question of course is how to report this rearrangement, especially since both these TCRG-JJ rearrangements were detected as isolated rearrangements. One may decide not to report the inversional TCRG-JJ rearrangement, based on the concept that this might be a germ-line rearrangement. However, the polyclonal background signal detected in the patterns would argue against a germ-line event. In our opinion, it may be the best to choose to report the aberrant TCRG-JJ rearrangement as a non-functional clonal rearrangement of unknown significance and recommend follow-up of the patient.
Concluding remarks
A good practical workflow including replicate testing and critical assessment of the obtained gene rearrangement patterns is of utmost importance for proper evaluation of clonality testing. Based on the discussions we had in the EuroClonality workshops, "Clonality Assessment in Pathology", these aspects, as well as knowledge on pitfalls, on PCR design and the evaluation of clonality patterns can avoid misinterpretation of the data. The issues addressed will help to overcome problems that can be encountered in the routine diagnostic setting. The true meaning of clonality is also dependent on the histological and clinical context. It is therefore recommended to integrate the molecular data with those from pathology for appropriate interpretation to reach the most reliable diagnosis.
